Introduction {#H1-1-ZOI190069}
============

Hypoxemic respiratory failure (HRF) is one of the common reasons in neonates for admission to neonatal intensive care units in the United States. Estimated incidence of neonates with respiratory failure requiring mechanical ventilation is approximately 18 per 1000 live births.^[@zoi190069r1],[@zoi190069r2]^ Hypoxemic respiratory failure is associated with increased risk of mortality, morbidity, and worse neurological outcomes.^[@zoi190069r3],[@zoi190069r4]^ Oxygenation index (OI) is routinely used as an indicator of severity of HRF in neonates, with an arbitrary cutoff of 15 or less for mild HRF, between 16 and 25 for moderate HRF, between 26 and 40 for severe HRF, and more than 40 for very severe HRF.^[@zoi190069r5]^ Oxygenation index is calculated as OI = MAP × F[io]{.smallcaps}~2~ × 100 / Pa[o]{.smallcaps}~2~, where MAP indicates mean airway pressure and F[io]{.smallcaps}~2~ indicates fraction of inspired oxygen.^[@zoi190069r5]^ Oxygenation index has been used as a marker in clinical management and clinical trials for initiating therapies including inhaled nitric oxide in infants with HRF and pulmonary hypertension^[@zoi190069r6],[@zoi190069r7],[@zoi190069r8],[@zoi190069r9]^ and for administering and evaluating response to surfactant therapy.^[@zoi190069r10],[@zoi190069r11]^ Oxygenation index higher than 40 is used as a criterion for consideration of extracorporeal membrane oxygenation.^[@zoi190069r12],[@zoi190069r13]^ Oxygenation index has also been proposed as a predictive marker for neonatal outcomes, including mortality.^[@zoi190069r14]^ Limitations of OI include the need for an indwelling arterial catheter for frequent sampling and that it is an intermittent measurement of oxygenation status by nature. Oxygen saturation index (OSI) replaces Pa[o]{.smallcaps}~2~ with oxygen saturation as measured by pulse oximetry (Sp[o]{.smallcaps}~2~) in the OI equation and is calculated as OSI = MAP × F[io]{.smallcaps}~2~ × 100 / Sp[o]{.smallcaps}~2~.^[@zoi190069r15],[@zoi190069r16]^ The advantages of OSI include that it is noninvasive and allows continuous monitoring of oxygenation status. Oxygen saturation index has been validated in pediatric intensive care unit patients as a reliable index for assessing severity of respiratory failure and lung injury.^[@zoi190069r15],[@zoi190069r16]^ However, to our knowledge, studies on the use of OSI in neonates with HRF are very limited.^[@zoi190069r17],[@zoi190069r18]^

The primary objective of this study was to evaluate the correlation of OSI with OI in preterm and term infants. Our secondary objectives were to derive OI from noninvasive OSI for clinically relevant OI cutoffs (5, 10, 15, 20, 25, and 40) and to validate the accuracy of the derived OI cutoffs using OI cutoffs as the criterion standard.

Methods {#H1-2-ZOI190069}
=======

We performed a retrospective cohort study including all neonates admitted to a single level III neonatal intensive care unit during a 6-year period (January 1, 2012, to December 31, 2017) with respiratory distress requiring invasive mechanical ventilation with indwelling arterial catheters and continuous pulse oximeter monitoring in the first 3 days of admission. We excluded infants with cyanotic congenital heart disease. Data were collected from electronic medical records and included birth weight, gestational age, time and results of arterial blood gases, source of arterial blood sampling, corresponding oxygen saturation at the time of arterial blood sampling, site of pulse oximeter, and patient temperature. It has been standard practice for respiratory therapists to record location and the precise Sp[o]{.smallcaps}~2~ measurement in electronic medical records at the time of blood gas sampling. Paired OI and OSI data were calculated from Pa[o]{.smallcaps}~2~ and Sp[o]{.smallcaps}~2~, respectively, at the time of arterial blood sampling. This study is reported according to the Strengthening the Reporting of Observational Studies in Epidemiology ([STROBE](http://www.equator-network.org/reporting-guidelines/strobe/)) reporting guideline. The University of Southern California Health Sciences institutional review board approved this study with waiver of informed consent.

Data were analyzed from January 2017 through December 2017. Correlation of OI with OSI was analyzed using Pearson correlation. For the correlation, we log-transformed data for OI and OSI. Correlation was analyzed for the whole cohort of paired samples and stratified based on source of arterial blood sampling and pulse oximeter site (preductal or postductal), gestational age groups (extremely preterm \[\<28 weeks\], moderately preterm \[28-33 weeks\], late preterm \[34-36 weeks\], and term gestation \[≥37 weeks\]),^[@zoi190069r19]^ and different Sp[o]{.smallcaps}~2~ ranges.

A predictive equation for the association of OSI with OI was derived by linear regression. Since data included repeated measurements of arterial blood sampling and Sp[o]{.smallcaps}~2~ over different times in each patient, generalized linear models (generalized estimating equations) were used to account for repeated measurements within individual patients.^[@zoi190069r20]^ The whole data set was split using computer-generated random assignment into a derivation data set for prediction model building (70%) and a validation data set (30%) for validation of the derived regression equation.^[@zoi190069r16]^

Derived OI was calculated from the regression equation for clinically relevant OI cutoffs (5, 10, 15, 20, 25, and 40). Multivariate mixed-modeling analysis was performed to control for plausible variables that are known to affect the relationship between Pa[o]{.smallcaps}~2~ and Sp[o]{.smallcaps}~2~ in the oxygen dissociation curve, namely pH, Pa[co]{.smallcaps}~2~, and patient temperature.^[@zoi190069r21]^ The discriminative ability of derived OI for clinically relevant OI cutoffs was analyzed using accuracy measures, including sensitivity, specificity, positive predictive value, negative predictive value, and area under the curve, for the derivation data and validated using the validation data.

Agreement of derived OI from the regression equation using OSI with measured OI calculated from arterial blood sampling was evaluated by Bland-Altman method from the derived data and validated with the validation data. Agreement of the 2 measurements was also assessed within different Sp[o]{.smallcaps}~2~ and OI ranges.

Correlation was considered significant at *P* \< .01 (2-tailed test of probability). SPSS Statistics for Windows version 25.0 (IBM Corp), SAS software version 9.4 (SAS Institute), and MedCalc for Windows version 15.0 (MedCalc Software) were used for analyses.

Results {#H1-3-ZOI190069}
=======

Thirty infants admitted during the study period were excluded because they did not have access to indwelling arterial catheters. Twelve paired samples were excluded from the correlation analysis for incomplete patient characteristic data. A total of 1442 paired samples from 220 neonates (190 preterm and 30 term) were recorded during the 6-year study period. The median (interquartile range) number of samples was 5 (3-9) per patient. The median (interquartile range) gestational age was 29 (26-33) weeks, with a mean (SD) birth weight of 1602 (1092) g.

Oxygen saturation index correlated strongly with OI (*r* = 0.89) for the whole cohort ([Table 1](#zoi190069t1){ref-type="table"}). Oxygen saturation index calculated from both preductal and postductal sources of Sp[o]{.smallcaps}~2~ showed strong correlation with OI calculated from Pa[o]{.smallcaps}~2~ obtained from an umbilical arterial source ([Table 1](#zoi190069t1){ref-type="table"}). Oxygenation index calculated from peripheral arterial line sources correlated strongly with OSI derived from both preductal Sp[o]{.smallcaps}~2~ (n = 45; *r* = 0.86) and postductal Sp[o]{.smallcaps}~2~ (n = 154; *r* = 0.94) sources. Oxygen saturation index strongly correlated with OI within the Sp[o]{.smallcaps}~2~ range of 85% to 95% (*r* = 0.94). Correlation for ranges more than 95% or less than 65% (n = 9, *r* = 0.75) was poor ([Table 1](#zoi190069t1){ref-type="table"}). Oxygen saturation index correlated more strongly in preterm infants with gestational ages less than 34 weeks (\<28 weeks, *r* = 0.93; 28-33 weeks, *r* = 0.93) compared with late preterm (*r* = 0.86) and term (*r* = 0.70) infants ([Table 1](#zoi190069t1){ref-type="table"}).

###### Correlation of Oxygenation Index With Oxygen Saturation Index Based on Oxygen Saturation

  Measure                                                                                                Measurements, No.   Pearson *r* Correlation   *P* Value[^a^](#zoi190069t1n1){ref-type="table-fn"}
  ------------------------------------------------------------------------------------------------------ ------------------- ------------------------- -----------------------------------------------------
  Total sample                                                                                           1442                0.89                      \<.001
  UA Pa[o]{.smallcaps}~2~ compared with Sp[o]{.smallcaps}~2~[^b^](#zoi190069t1n2){ref-type="table-fn"}                                                 
  From preductal source                                                                                  142                 0.94                      \<.001
  From postductal source                                                                                 435                 0.94                      \<.001
  Sp[o]{.smallcaps}~2~, %                                                                                                                              
  \<85                                                                                                   146                 0.90                      \<.001
  85-95                                                                                                  635                 0.94                      \<.001
  \>95                                                                                                   661                 0.70                      \<.001
  Infant GA, wk                                                                                                                                        
  \<28                                                                                                   745                 0.93                      \<.001
  28-33                                                                                                  377                 0.93                      \<.001
  34-36                                                                                                  136                 0.86                      \<.001
  ≥37                                                                                                    184                 0.70                      \<.001

Abbreviations: UA, umbilical artery; GA, gestational age; Sp[o]{.smallcaps}~2,~oxygen saturation as measured by pulse oximetry.

Significant at *P* = .01 (2-tailed test of probability).

Infants lacking information on UA Pa[o]{.smallcaps}~2~ or source of Sp[o]{.smallcaps}~2~were excluded, leaving 577 matched pairs for analysis.

The regression equation from the derivation data set (OI = 0.0745 + 1.7830 × OSI) showed strong linear association of OSI with OI . Multivariate linear modeling showed OI was associated with OSI, but pH, Pa[co]{.smallcaps}~2~, and temperature were not significantly associated with OSI and OI (eTable 1 in the [Supplement](#note-ZOI190069-1-s){ref-type="supplementary-material"}). Baseline characteristics were similar in the derivation and validation data sets, with the exception of higher hemoglobin levels in the derivation data subset (14.23 g/dL vs 13.80 g/dL \[to convert to grams per liter, multiply by 10\]) (eTable 2 in the [Supplement](#note-ZOI190069-1-s){ref-type="supplementary-material"}).

The accuracy measures from the derivation data evaluating the ability of the derived OI to discriminate clinically significant OI cutoffs and ruling in patients above the corresponding OI cutoff were good, with an area under the curve greater than 0.85 for OI cutoffs 5, 10, 15, 20, and 25 and high negative predictive values and specificities. However, for OI cutoffs more than 40, the discriminating ability was poor, with an area under the curve less than 0.7, although the specificity and negative predictive value were more than 98% ([Table 2](#zoi190069t2){ref-type="table"}). The accuracy measures were similar when evaluated for the validation sample ([Table 2](#zoi190069t2){ref-type="table"}).

###### Accuracy Measures Based on Derived Values of OI^a^

  Cutoff                 AUC    \%             
  ---------------------- ------ ---- ---- ---- ----
  Derived OI ≥5                                
  Derivation (n = 451)   0.88   85   91   88   89
  Validation (n = 200)   0.88   87   90   88   89
  Derived OI ≥10                               
  Derivation (n = 173)   0.84   74   96   80   95
  Validation (n = 76)    0.85   74   95   77   94
  Derived OI ≥15                               
  Derivation (n = 101)   0.91   77   98   79   97
  Validation (n = 46)    0.86   74   97   76   97
  Derived OI ≥20                               
  Derivation (n = 74)    0.91   84   98   78   99
  Validation (n = 32)    0.87   75   98   78   98
  Derived OI ≥25                               
  Derivation (n = 53)    0.85   72   98   71   98
  Validation (n = 17)    0.88   76   98   65   99
  Derived OI ≥40                               
  Derivation (n = 22)    0.61   23   99   39   98
  Validation (n = 9)     0.67   33   99   50   99

Abbreviations: AUC, area under receiver operative curve; NPV, negative predictive value; OI, oxygenation index; PPV, positive predictive value.

Sensitivity, specificity, PPV, and NPV using the derived OI equivalents for clinically relevant OI cutoffs from the derived data set applied to both derived and validation data sets.

Bland-Altman analysis of the derivative data comparing derived OI and measured OI from Pa[o]{.smallcaps}~2~ demonstrated no significant systematic bias, with a mean of 0.1 and limits of agreement between −9.1 and 9.2 ([Figure 1](#zoi190069f1){ref-type="fig"}A). Bland-Altman analysis of the validation data presented a near-identical plot ([Figure 1](#zoi190069f1){ref-type="fig"}B). [Figure 2](#zoi190069f2){ref-type="fig"} and [Figure 3](#zoi190069f3){ref-type="fig"} present Bland-Altman plots for term and preterm infants, respectively, with the Sp[o]{.smallcaps}~2~ range of 85% to 95% and OI below 25. The scatterplots demonstrated minimal bias, but there was stronger agreement within narrower limits of agreement.

![Bland-Altman Analysis Comparing Derived Oxygenation Index (OI) With Measured OI From Pa[o]{.smallcaps}~2~\
Dashed lines indicate limits of agreement; error bars, SD of limits of agreement.](jamanetwopen-2-e191179-g001){#zoi190069f1}

![Bland-Altman Plot Comparing Derived Oxygenation Index (OI) and Measured OI in Term Infants\
Scatterplot compares derived OI and measured OI in infants with gestational age 37 weeks or older, oxygen saturation as measured by pulse oximetry range from 85% to 95%, and OI below 25. Dashed lines indicate limits of agreement; error bars, SD of limits of agreement.](jamanetwopen-2-e191179-g002){#zoi190069f2}

![Bland-Altman Plot Comparing Derived Oxygenation Index (OI) and Measured OI in Preterm Infants\
Scatterplot compares derived OI and measured OI in neonates with gestational age of less than 36 weeks, oxygen saturation as measured by pulse oximetry range from 85% to 95%, and OI below 25. Dashed lines indicate limits of agreement; error bars, SD of limits of agreement.](jamanetwopen-2-e191179-g003){#zoi190069f3}

Discussion {#H1-4-ZOI190069}
==========

Our study demonstrates a strong linear association of OSI, a noninvasive measurement, with OI. We present a regression equation for deriving OI from OSI and report strong discriminative ability of our derived OI to rule in patients within the OI cutoffs of 5 to 25, with good agreement within the Sp[o]{.smallcaps}~2~ range of 85% to 95%.

Use of OSI has been increasing in pediatric and adult intensive care units as a marker for respiratory failure as well as lung injury.^[@zoi190069r14],[@zoi190069r15]^ We believe our results have clinical relevance, particularly in neonates with difficult arterial access and inability to measure Pa[o]{.smallcaps}~2~ required for OI calculation. Oxygen saturation index can be calculated readily and continuously at the bedside, without the need for invasive blood sampling, and may be useful in identifying infants with mild to moderate HRF and evaluating response to some interventions, such as inhaled nitric oxide. Furthermore, derived OI from OSI may be incorporated into inclusion criteria for clinical trials, when absence of arterial access may otherwise preclude some infants from enrollment.

To our knowledge, this is the largest study evaluating the correlation of OSI with OI in neonates. Rawat et al,^[@zoi190069r17]^ in a retrospective study of 74 late preterm and term neonates, reported strong correlation of OSI with OI (between OI of 4 and 32) and proposed a practical equation for predicting OI from OSI (OI = 2 × OSI) from a regression equation similar to that reported in our study. Doreswamy et al^[@zoi190069r18]^ performed a prospective study of 54 neonates and derived predictive OSI values of 3 and 6.5 for OI values of 5 and 15, respectively, with high sensitivity and specificity. We included preterm infants in our study to evaluate the association of OSI with OI in neonates across wider ranges of gestational age and clinically relevant OI cutoffs and to enhance generalizability of our results. We evaluated the association of OI with OSI based on source of Pa[o]{.smallcaps}~2~ and Sp[o]{.smallcaps}~2~ to account for preductal and postductal differential saturations. Our results show good correlation of preductal and postductal Sp[o]{.smallcaps}~2~ sources with Pa[o]{.smallcaps}~2~ obtained from the umbilical artery, which is a common source of arterial blood sampling in neonates with respiratory failure. As the association of Sp[o]{.smallcaps}~2~ with Pa[o]{.smallcaps}~2~ became nonlinear in the extreme ranges of Sp[o]{.smallcaps}~2~, our results showed weaker association and agreement of OSI with OI. The limits of agreement from our Bland-Altman analysis of the whole cohort were too wide to be clinically relevant. Hence, we performed further Bland-Altman analyses to identify conditions where the measurements showed good agreement and could be clinically applicable. We found good agreement for both preterm and term infants within the Sp[o]{.smallcaps}~2~ range of 85% to 95% and moderate HRF (OI \<25) and believe that, in the absence of invasive arterial blood gas measurements, our derived OI could be most applicable in infants with moderate HRF (OI \<25) and the Sp[o]{.smallcaps}~2~ range of 85% to 95%.

Limitations {#H2-1-ZOI190069}
-----------

Our study has some limitations. Arterial blood gases were measured at the clinician's discretion. The data on time of arterial blood gas measurement and Sp[o]{.smallcaps}~2~ recording were collected as close to the period as possible, as documented by the respiratory therapists, and the mean time difference between measurements was estimated to be less than 1 minute based on review of electronic medical records. For pragmatic reasons, we only included infants within the first 3 days of life because this period was thought to be when infants were most likely to develop HRF with respiratory distress syndrome and/or persistent pulmonary hypertension and require frequent arterial blood sampling. We attempted to control for variables that might affect the association of OSI with OI, including pH, temperature, and Pa[co]{.smallcaps}~2~, and result in a shift of the oxygen dissociation curve. Our results showed no associations of P[co]{.smallcaps}~2,~ pH, and temperature with OI and OSI, likely because most of our study participants were preterm infants with relatively stable P[co]{.smallcaps}~2,~ pH, and temperature. However, other factors, such as mode of ventilation, 2,3-diphosphoglycerate levels, the effect of blood transfusions, hypothermia, and use of inhaled nitric oxide, were not studied and may have had an effect on our results. Furthermore, most of the infants in the study were preterm and may not have had significant HRF and pulmonary hypertension compared with the term infants. This may account for our findings of stronger correlation of OI with OSI in preterm infants.

Conclusions {#H1-5-ZOI190069}
===========

This study showed a strong correlation of OI with OSI. Derived OI from OSI was in good agreement and strongly predictive of clinically relevant OI cutoffs of 5 to 25. Oxygenation index derived from a noninvasive source, such as OSI, may be useful to reliably assess severity of respiratory failure and response to therapy on a continuous basis. Further studies are needed to validate and correlate OSI with clinical illness severity and neonatal outcomes.

###### 

**eTable 1.** Association of OI With OSI Using Multivariate Model

**eTable 2.** Baseline Characteristics for Derivation and Validation Data Sets

###### 

Click here for additional data file.
